Influenza A viruses are zoonotic agents that cause epizootics and epidemics in domestic animals and humans, respectively. Occasionally, they cause pandemics in humans when new strains emerge with substantial antigenic changes in their hemagglutinin (HA). In the spring of 2009, a swine-origin influenza A(H1N1)pdm virus emerged in Mexico that rapidly spread worldwide, causing the first human pandemic of the 21st century[@b1][@b2].

To defend against influenza virus infection, various interventions have been undertaken. The current first line of defense is vaccination[@b3]. Although vaccination does not provide reliable immunogenic protection unless the antigenicity of the vaccine strains matches that of circulating strains, there is merit in the phylactic effect of inducing virus-specific immune responses. The antiviral drugs oseltamivir and zanamivir are used to treat patients infected with influenza viruses; however, the emergence of drug-resistant viruses[@b4][@b5] suggests the need for alternative therapeutic approaches.

Probiotics are live microorganisms that benefit humans by maintaining an appropriate balance among the bacteria that live in the gut[@b6]. During the last few decades, many clinical trials have evaluated probiotic therapy. Previous studies have demonstrated that various *Lactobacillus* species, represented by the *Lactobacillus casei Shirota*, *rhamnosus GG*, *gasseri* TMC0356, and *plantarum* strains, have antiviral effects against lethal doses of influenza viruses[@b7][@b8][@b9]. Although the effectiveness of probiotics against infectious diseases remains largely unexplored, the strong movement toward preventive medicine has increased the importance of developing probiotic therapy.

*Lactobacillus pentosus* b240 was originally isolated from fermented tea leaves[@b10]. This strain enhances IgA production from Peyer\'s patch cells in mouse gut[@b11] and accelerates salivary IgA secretion in humans[@b12]. Recent studies have shown that oral administration of heat-killed b240 protects mice from bacterial and viral infections, such as those caused by *Streptococcus pneumoniae* and an influenza H1N1 virus (mouse-adapted laboratory strain, A/PR8/1934), by enhancing the innate immune resopnses[@b13][@b14]. However, the mechanisms underlying this protection are poorly understood.

Here, to examine the antiviral effects of oral administration of heat-killed *Lactobacillus pentosus* b240 against lethal influenza A(H1N1)pdm virus infection in mice, we investigated the morbidity and mortality of mice orally treated with heat-killed *Lactobacillus pentosus* b240 for 21 days and then infected with a lethal influenza A(H1N1)pdm virus. Further, to define the host responses mediated by b240 administration, we analyzed virus replication, cytokine expression, histopathology, and gene expression in the lungs of mice orally treated with heat-killed *Lactobacillus pentosus* b240.

Results
=======

Heat-killed *Lactobacillus pentosus* b240 partially protects mice against lethal influenza A(H1N1)pdm virus infection
---------------------------------------------------------------------------------------------------------------------

A previous study reported that oral administration of heat-killed *Lactobacillus pentosus* b240 prolonged survival and decreased virus titers in the lungs of mice infected with A/PR8/1934 (H1N1) virus[@b14]. To define the prophylactic effects of b240 administration against influenza A(H1N1)pdm virus infection, we orally administered heat-killed *Lactobacillus pentosus* b240 to mice daily for 21 days and then infected them with mouse-adapted A/California/04/2009 (CA04) virus ([Fig. 1a](#f1){ref-type="fig"}). Oral administration of b240 was continued for 14 days post-infection. Morbidity and mortality were monitored daily for 14 days post-infection.

Mice infected with 0.3 mouse LD~50~ (MLD~50~) of CA04 virus exhibited a 40% higher survival rate relative that of the control group (P value = 0.076), although there were no substantial differences in body weight between the two groups ([Fig. 2a, c](#f2){ref-type="fig"}). In mice infected with 10 MLD~50~, there were statistically significant differences in survival (P value = 0.0079) between the two groups ([Fig. 2b, d](#f2){ref-type="fig"}). Based on our finding that oral administration of b240 statistically significantly prolonged mouse survival, we choose the 10 MLD~50~ dose for downstream analyses.

Heat-killed *Lactobacillus pentosus* b240 does not affect virus growth or histopathology in the lungs of mice infected with lethal influenza A(H1N1)pdm virus infection
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

To understand the mechanism by which oral administration of heat-killed b240 protects mice from lethal influenza A(H1N1)pdm virus infection ([Fig. 2b, d](#f2){ref-type="fig"}), we first examined virus growth and the histopathology in the lungs of mice infected with CA04 virus after b240 treatment on days 1, 3, and 6 post-infection ([Fig. 1b](#f1){ref-type="fig"}). The virus growth assay revealed that virus titers in the lungs of b240-treated mice were not statistically significantly different from those in the lungs of control mice at any time point tested ([Table 1](#t1){ref-type="table"}), indicating that b240 administration had no effect on virus growth in mouse lungs. Furthermore, we found that there were no apparent differences in the extent of pneumonia or viral antigen expression between the lungs of b240-treated mice and those of control mice at all time points tested ([Table 2](#t2){ref-type="table"}). These results indicate that oral administration of heat-killed b240 augments protection against a lethal dose of influenza A(H1N1)pdm virus by mechanisms that do not substantially affect virus replication or histopathology.

Effect of *Lactobacillus pentosus* b240 administration on cytokine/chemokine expression
---------------------------------------------------------------------------------------

Cytokines and chemokines are important mediators of the host defense against bacterial and viral infection and play a proinflammatory role in pulmonary inflammation during the influenza virus infection[@b15][@b16][@b17]. We therefore examined the effects of oral administration of b240 on the expression levels of 34 different cytokines/chemokines in mice infected with CA04 virus ([Figs. 1b](#f1){ref-type="fig"} and [3a](#f3){ref-type="fig"}). In addition, to investigate the effect of oral b240 administration on the immune system in the lungs of uninfected mice, we also analyzed cytokine expression levels in the lungs of mice treated with b240 at 14, 21, 22, 24, and 27 days post-b240 administration (−7, 0, 1, 3, and 6 days post-mock-infection) ([Figs. 1c](#f1){ref-type="fig"} and [3b](#f3){ref-type="fig"}).

Our cytokine expression assay revealed that virus infection substantially changed the expression levels of most of cytokines tested regardless of whether the mice were administered b240 ([Fig. 3a, b](#f3){ref-type="fig"}). In virus-infected animals ([Fig. 3a](#f3){ref-type="fig"}), there were no statistically significant differences between the expression levels of cytokines measured in the lungs of animals treated with b240 and those treated with saline, with the exception of IL-5, the expression of which was significantly higher in the lungs of animals treated with b240 than in those treated with saline ([Fig. 3c--f](#f3){ref-type="fig"}). Furthermore, in the lungs of uninfected mice ([Fig. 3b](#f3){ref-type="fig"}), no cytokines were significantly differentially expressed following b240 administration, indicating no apparent effects of b240 on the immune system as determined by cytokine and chemokine secretion.

Changes in gene expression mediated by oral administration of *Lactobacillus pentosus* b240 in the lungs of mice
----------------------------------------------------------------------------------------------------------------

To gain further insights into the possible mechanism by which heat-killed b240 mediates the recovery of mice infected with influenza A(H1N1)pdm virus, we performed gene transcriptional analyses on the lungs of mice by using oligonucleotide-based DNA microarrays. To identify the genes whose expression was statistically significantly differentially regulated in the lungs of mice, we applied two types of statistical tests: a T-test at each time point, and a two-way ANOVA test (factors of day and treatment) with the Benjamini-Hochberg correction for false discovery rate, to the entire data set. We first asked whether oral administration of b240 induced differential host responses in the lungs of mice on days 1, 3, and 6 post-infection with CA04 ([Fig. 1b](#f1){ref-type="fig"}). Among the 55821 probes tested, only one gene was statistically significantly differentially regulated between the lungs of b240-treated mice and those of control mice at 1 day post-infection (P \< 0.05) and no genes were universally differentially regulated as a result of oral administration of b240 throughout the infection time ([Table S1](#s1){ref-type="supplementary-material"}; microarray data is available at the GEO database under the accession number GSE43764).

We then attempted to identify genes that were differentially regulated in the lungs of uninfected mice after oral administration of b240 by investigating b240-induced host responses in the lungs on days 14, 21, 22, 24, and 27 post-b240 administration (i.e., −7, 0, 1, 3, and 6 days post-mock-infection) ([Figs. 1c](#f1){ref-type="fig"} and [4](#f4){ref-type="fig"}). We found, by using the two-way ANOVA test, that 85 probes (76 distinct genes) were significantly differentially regulated in the lungs of uninfected mice following oral administration of b240 (P value \< 0.05) ([Tables S1 and S2](#s1){ref-type="supplementary-material"}). These genes were further filtered to include genes whose expression changed 1.5-fold relative to the level in the saline-treated group at at least one time point and to exclude genes that could not be functionally annotated. Application of these criteria led us to identify 29 genes that were significantly differentially regulated following oral administration of b240 (P value \< 0.05, Fold change \> 1.5) ([Fig. 4a](#f4){ref-type="fig"}). Of these 29 differentially expressed genes, most were down-regulated, although six were up-regulated in the lungs of uninfected mice after oral administration of b240. Of these six genes, the Stefin A1 gene (Stfa1) was most up-regulated (1.71 -- 14.36-fold increase) ([Table S2](#s1){ref-type="supplementary-material"} and [Fig. 4a](#f4){ref-type="fig"}).

Next, to determine the biological relevance of the differential regulation of these genes, we performed functional enrichment analyses according to Gene Ontology (GO) specifications and the Ingenuity Pathways Analysis (IPA) application. GO analysis is widely used to classify genes based on their known functions, whereas IPA analysis is used to identify the molecular pathways enriched by the genes based on known their interactions[@b18][@b19], thereby enabling the functional classification of and pathway enrichment analysis for genes that are differentially regulated.

GO analysis identified 7 GO terms that statistically significantly enriched the gene set ([Table 3](#t3){ref-type="table"}). Among the 7 GO terms, the top 6 were commonly associated with acyl-CoA (palmitoyl-CoA)-mediated metabolism. Three acyl-CoA thioesterase (Acots) genes (Acot1, Acot2, and Acot5) were significantly down-regulated in mouse lungs following oral administration of b240. GO analysis also revealed that the gene set was enriched by the FBJ osteosarcoma oncogene (Fos), early growth response 1 (Egr1), and cysteine-rich, angiogenic inducer, 61 (Cyr61) genes, which are involved in the \"response to protein stimulus\" ([Table 3](#t3){ref-type="table"}). The expression of these genes was down-regulated by b240 administration.

IPA analysis identified 14 canonical pathways that statistically significantly enriched the gene set ([Table 4](#t4){ref-type="table"}). Remarkably, the Rsad2 gene, which is involved in the \"role of lipids/lipid rafts in the pathogenesis of influenza\" canonical pathway[@b20], was up-regulated in the lungs of uninfected mice after oral administration of b240 ([Table 4](#t4){ref-type="table"}). Thus, we found that oral administration of heat-killed b240 induced differential regulation of several genes with shared functions and a specific gene that has known antiviral activity against influenza virus infection.

To validate the transcriptional findings from our microarray analysis, we conducted a quantitative real-time PCR (qRT-PCR) assay for the following eight genes: Stfa1 as the most up-regulated gene; three genes for \"Acyl-CoA-mediated metabolism\", represented by Acot1, Acot2, and Acot5; three genes for \"response to protein stimulus\", represented by Cyr61, Egr1, and Fos; and Rsad2 for the antiviral response. The expression levels determined by qRT-PCR were consistent with those obtained by microarray analysis ([Fig. 4b](#f4){ref-type="fig"}), confirming the down-regulation of \"Acyl-CoA-mediated metabolism\" and \"response to protein stimulus\", and the up-regulation of Stfa1 and Rsad2 gene expression. Thus, we identified specific genes that are differentially regulated in the lungs of mice orally treated with heat-killed *Lactobacillus pentosus* b240.

Discussion
==========

Here, we demonstrated that oral administration of b240 slightly augments protection against a lethal influenza A(H1N1)pdm virus in a mouse model. We also unveiled the host responses that are induced in mouse lungs after oral administration of b240.

Although mice orally administered with b240 and infected with a lethal dose of A(H1N1)pdm virus exhibited prolonged survival, we did not detect a significant difference between virus titers in the lungs of animals treated with b240 and those treated with saline. Kobayashi et al.[@b14] previously reported that the virus titers were significantly reduced in the lungs of mice orally administered with b240 prior to virus challenge. However, they investigated virus titers in the lungs of mice infected with a non-lethal dose of A/PR8/1934, which suggests that this discrepancy may be attributable to the different virus dosages used in the two studies.

Oral administration of b240 did not appreciably affect histopathology, cytokine/chemokine expression, or gene expression in the lungs of mice infected with lethal A(H1N1)pdm virus. However, gene transcriptional analysis revealed that oral administration of b240 did differentially regulate specific genes, represented by Acots (Acot1, Acot2, and Acot5), Cyr61, Egr1, Fos, Stfa1, and Rsad2, in the lungs of uninfected mice.

Acots, which were functionally classified into \"Acyl-CoA-mediated metabolism\" by GO grouping, were down-regulated in mouse lungs following oral administration of b240. Acots are involved in two-major metabolic pathways[@b21]: the catabolism of fatty acid beta-oxidation and the anabolic pathway that converts fatty acids into cellular lipids. The expression of Acot genes is regulated by peroxisome proliferator-activated receptors (PPARs), which function in the metabolism of lipids, carbohydrates, bile acids, and amino acids, as well as in inflammation[@b22][@b23][@b24]. Moreover, Acots play an important role in the generation of arachidonic acid, the precursor to eicosanoids, which are responsible for the physiological manifestations of inflammation[@b25][@b26], suggesting a mechanism by which the differential regulation of Acots by b240 might contribute to the recovery of mice from CA04 infection.

Furthermore, Cyr61, Egr1, and Fos, which were functionally classified into \"response to protein stimulus\" by GO grouping, were down-regulated after b240 administration. Cyr61 and Egr1 are potential molecular biomarkers for severity of lung injury[@b27][@b28]. Cyr61 encodes a multifunctional protein that can activate IL-6 production, resulting in inflammation and disease progression[@b29]. In addition, the transcription factor Egr1 and Fos are early responders during influenza infection[@b30]. In particular, Egr1 is a critical regulator of host inflammatory chemokines and is associated with CD8^+^ T cell-mediated lung injury in influenza infection[@b31]. Given that blocking Cyr61 with a specific mAb ameliorated the inflammatory reaction in mice[@b29], and that genetic deficiency of Egr1 significantly abrogates both chemokine expression and the immunopathological injury associated with T cell recognition[@b31], the down-regulation of these genes induced by oral administration of b240 may play a role in alleviating pulmonary injury caused by the inflammatory response.

Stfa1 was the most up-regulated gene induced by oral administration of b240, although we did not functionally characterize it here. Stfa1 inhibits cysteine endo- and exopeptidases, such as cathepsin L and S, which are involved in antigen processing[@b32]. Given that increased expression of specific cathepsins has been shown to be associated with autoimmune diseases and bacterial infection[@b33][@b34], the up-regulation of the Stfa1 gene may contribute to protection from self-inflicted damage.

Importantly, Rsad2 was up-regulated after b240 administration. Rsad2 is radical S-adenosyl methionine domain-containing protein 2, also known as viperin[@b35][@b36]. Rsad2 (viperin) is an interferon-stimulated gene (ISG), induced by type I, II, and III interferons after infection with a broad range of DNA and RNA viruses[@b36][@b37][@b38][@b39][@b40][@b41][@b42]. Therefore, the viperin activation is involved in defenses against a broad range of viruses, including HIV-1, HCV, human cytomegalovirus, alpha-virus, West Nile virus, dengue and influenza virus[@b20][@b43]. Viperin is also induced by non-viral microbial products, such as lipopolysaccharide, and by a wide range of bacteria, suggesting a broad role in innate antimicrobial defenses[@b44][@b45]. A previous study demonstrated that mucosal stimulation with reovirus primes lymphocytes in the gut potentially protecting against subsequent respiratory challenge[@b46], which indicates that immune priming could be triggered by mucosal administration[@b47]. Our finding that the Rsad2 gene is up-regulated in mouse lungs could also be the result of immune priming induced by the oral administration of b240 in the gut.

The immune priming induced by oral administration of heat-killed *Lactobacillus pentosus* b240 may have several important implications. First, oral administration of b240 augments protection against not only different types of influenza viruses but also *Streptococcus pneumoniae* infection[@b13][@b14]. During infections with gram-positive bacteria, such as *Streptococcus agalactiae* and *pneumoniae*, interferon production is believed to play a critical role in the clearance of the infection by the host[@b48]. Therefore, the differential regulation of the interferon-related gene Rsad2, induced by oral administration of b240, likely plays a role in the alleviation of *S. pneumoniae*-mediated pneumonia. Second, immune priming was caused by heat-killed \"unvital\" *Lactobacillus pentosus* b240. This indicates that immune priming was caused in response to the stimulus of proteins, nucleic acids, and lipids that are components of *Lactobacillus pentosus* b240. Therefore, one could argue that immune priming might be a common feature, to various degrees, of broad ranges of *Lactobacilli* that have anti-microbial activity.

In general, live *Lactobacillus* strains induce the same or stronger immune responses than do heat-killed strains[@b14][@b49][@b50][@b51]. Since the efficacy of live bacteria may be influenced by the number of bacteria that reach the intestine alive and this number may vary from one experiment to the next, we determined that we would have greater control and/or consistency in our experiments if we used killed bacteria rather than live bacteria. We, therefore, used heat-killed *Lactobacillus pentosus* b240; however, live *Lactobacillus pentosus* b240 may induce stronger immune responses than the heat-killed bacterium and may be a more efficient probiotic.

Our study raises the following questions: (i) is heat-killed b240 efficacious against infections by other influenza viruses with different virulence or subtypes, or against other pneumonia-causing viruses, (ii) are the genes that are up-regulated or down-regulated upon b240 treatment of mice indeed responsible for the protective efficacy, and (iii) are other *Lactobacillus* species also efficacious? Further studies are needed to answer these questions.

In summary, we examined the effect of oral administration of b240 on influenza A(H1N1)pdm virus infection and found that b240 augments protection against a lethal dose of CA04 virus. Although oral administration of b240 induced no substantial differences in virus replication, histopathology, cytokine/chemokine expression, or gene expression in the lungs of mice infected with CA04 virus, it did cause the down-regulation of genes involved in \"Acyl-CoA-mediated metabolism\" and \"response to protein stimulus\", and the up-regulation of the antiviral gene Rsad2 in the lungs of uninfected mice. Importantly, genes known to have antiviral activities against influenza virus, such as Egr1 and Rsad2, were differentially regulated by b240, suggesting that the activation of innate immunity may be the mechanism behind the protection of influenza virus-infected mice afforded by b240. Our results provide a clue toward a better understanding of the antiviral activities induced by oral administration of heat-killed *Lactobacillus pentosus* b240.

Methods
=======

Ethics statement
----------------

Our research protocol for the use of mice followed the University of Tokyo\'s Regulations for Animal Care and Use, which was approved by the Animal Experiment Committee of the Institute of Medical Science, the University of Tokyo (approval number; 19--28).

Cells and viruses
-----------------

Madin-Darby canine kidney (MDCK) cells were maintained in Eagle\'s minimal essential medium (MEM) containing 5% newborn calf serum (NCS) and incubated at 37°C with 5% CO~2~. A mouse-adapted influenza A(H1N1)pdm virus strain, A/California/04/2009 (CA04), was generated by serial passage in the lungs of mice as previously described[@b52] and propagated in MDCK cells for use in this study.

Administration of *Lactobacillus pentosus* b240 in mice
-------------------------------------------------------

Six-week-old female BALB/c mice (Japan SLC Inc., Shizuoka, Japan) were used in the study. Oral administration of b240 was initiated in mice at six weeks of age. Mice were orally administered heat-killed *Lactobacillus pentosus* b240 every day at a dose of 10 mg/mouse, which corresponds to 10^10^ cell counts of heat-killed microbe, in 200 μl of buffered saline for 5 weeks. The control group received saline. The b240 dose was determined based on a previous study[@b14].

Experimental infection of mice
------------------------------

The experimental schedule is briefly described in [Fig. 1](#f1){ref-type="fig"}. On day 21 post-b240 administration, mice were anesthetized with sevoflurane and intranasally infected with PBS, or with 0.3 or 10 MLD~50~ of CA04 virus \[MLD50 = 3.8 × 10^4^ p.f.u.\]. To determine the effects of oral administration of b240 on mouse survival, ten mice per group were infected with 0.3 MLD~50~ of CA04 virus and were monitored daily for morbidity and mortality for up to 14 days post-infection ([Fig. 1a](#f1){ref-type="fig"}). For the infection with 10 MLD~50~ of virus, b240- or saline-treated groups of 24 or 25 mice were similarity used. To investigate the effects of oral administration of b240 on viral replication and host immune responses to CA04 virus infection, 18 mice per group were infected with 10 MLD~50~ of CA04 virus ([Fig. 1b](#f1){ref-type="fig"}) on day 21 post-b240 administration. Three mice per group were euthanized on days 1, 3, and 6 post-infection and their lungs were collected. These lung tissues were then cut into several pieces for virus titration, cytokine measurement, and microarray analysis; the lung samples were immediately frozen at −80°C until processing. For the histopathological analysis, three mice per group were similarly euthanized on days 1, 3, and 6 post-infection and their lungs were collected. These lung tissues were fixed with 10% neutral buffered formalin and subjected to histopathological analysis as described below. To investigate the immune responses induced by oral administration of b240 in the lungs of uninfected mice, 15 mice per group were mock-infected with PBS on day 21 post-b240 administration ([Fig. 1c](#f1){ref-type="fig"}). Three mice per group were euthanized on days 14, 21, 22, 24, and 27 post-b240 administration (−7, 0, 1, 3, and 6 days post-mock infection) and their lungs were collected. These lung tissues were then cut into several pieces for cytokine measurement and microarray analysis.

Histopathological analyses
--------------------------

Fixed mouse lungs were serially cut into 1.5 mm-thick pieces and embedded into paraffin for microscopic examination. Five μm-thick paraffin sections were stained with hematoxylin and eosin; additional sections were cut for immunohistological staining with rabbit polyclonal antiserum against an H1N1 virus (A/WSN/1933). Specific antigen-antibody reactions were visualized by using the Dako EnVision system, with 3,3\' diaminobenzidine tetrahydrochloride (Dako Japan Inc., Tokyo). The extent of pneumonia and viral antigen expression was evaluated by means of a distribution scoring system (0%, −; 0% \< 40%, +; 40% \< 60%, ++; and 60% \< 100%, +++).

Cytokine analysis
-----------------

Mouse lung samples were treated with the Bio-Plex Cell Lysis Kit (Bio-Rad Laboratories, Richmond, CA) according to the manufacturer\'s instructions. The concentrations of IFN-α and -β in mouse lung homogenates were determined by using the Mouse IFN Alpha or beta ELISA kit (Invitrogen, Carlsbad, CA). The concentrations of other cytokines/chemokines were determined by using the Bio-Plex Mouse Cytokine 23-Plex and 9-Plex panel (Bio-Rad Laboratories) and by using an array analysis with the Bio-Plex protein multi-array system (Bio-Rad Laboratories) as previously described[@b53]. Statistically significant differences in cytokine expression between the saline- and b240-treated groups in the PBS- and CA04-infected groups were determined by using two-way analysis of variance (ANOVA); values were considered to be significantly different when the P value was less than 0.05.

RNA isolation and integrity
---------------------------

The lungs of mice were homogenized with TRIzol Reagent (Invitrogen) at a final concentration of 5% w/v. The homogenized materials were transferred to a fresh 1.5 ml tube to which chloroform-isoamyl alcohol (5:1) was added. The tube was vortexed and then centrifuged for 15 min at 12,000 rpm at 4°C. The resulting aqueous layer was subjected to RNA extraction by using RNeasy Mini kit columns (Qiagen, Hilden, Germany) according to the manufacturer\'s instructions. Isolated total RNA quality was assessed by determining UV 260/280 absorbance ratios and examining 28 S/18 S ribosomal RNA bands with an Agilent 2100 bioanalyzer (Agilent Technologies).

Microarray analyses
-------------------

Cy3-labeled cRNA probe synthesis was initiated with 100 ng of total RNAs by using the Agilent Low Input Quick Amp Labeling kit, one color (Agilent Technologies, Santa Clara, CA). The Agilent SurePrint G3 Gene Mouse GE 8 × 60 K microarrays (4852A) were used according to the manufacturer\'s instructions. Slides were scanned with an Agilent\'s High-Resolution Microarray Scanner, and image data were processed by using Agilent Feature Extraction software ver. 10.7.3.1. All data were subsequently uploaded into GeneSpring GX ver. 11.5 (Agilent Technologies) for data analysis. In accordance with proposed MIAME (minimum information about a microarray experiment) standards, microarray data obtained in this study are publically available at the GEO database under the accession number GSE43764. For the microarray data analysis, each gene expression array data set was normalized to the in silico pool for time-matched, saline-treated PBS-inoculated animals (n = 3). Statistically significant differences in gene expression between the saline- and b240-treated groups in the PBS-inoculated and CA04-infected groups were determined by using the T-test at each time point or two-way ANOVA (P \< 0.05) with the Benjamini-Hochberg false discovery rate (FDR) post-test. Differentially expressed genes were further filtered to include genes whose expression changed 1.5-fold relative to the level in the saline-treated group at at least one time point. Genes that passed the statistical tests were further assigned to a GO grouping or uploaded into IPA (Ingenuity Systems; <http://www.ingenuity.com/>) to identify the functions and pathways that enrich the gene set. GO analysis was carried out using GeneSpring Gx ver. 11.5, where Benjamini-Hochberg corrected P values were used to determine the GO terms that were significant (P \< 0.05). IPA analysis was carried out using the default setting, where P values were calculated by using Fisher\'s exact test to identify IPA canonical pathways that were significant (P \< 0.05). In the data import from GeneSpring to the IPA software, gene annotation was carried out based on the Agilent probe ID extracted from GeneSpring Gx ver. 11.5. Genes that were significantly differentially regulated and enriched GO groups or IPA canonical pathways were selected for qRT-PCR analyses.

qRT-PCR analyses
----------------

qRT-PCR was performed to validate transcriptional findings determined by using microarray analysis. RNA was reverse transcribed with oligonucleotide dT and SuperScriptTM III reverse transcriptase (Invitrogen). qRT-PCR was conducted with the SYBR Green PCR master mix (Invitrogen) and carried out on the ABI 7900HT Fast Real-time PCR System platform. Target gene mRNA levels were normalized to 18 s ribosomal RNA according to the 2^−ΔΔCt^ calculation as described previously[@b54]. The qRT-PCR primers for each target were designed by using IDT SciTools RealTime PCR at <http://www.idtdna.com/scitools/Applications/RealTimePCR/>. Sequences are available upon request.
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![Schedule for the animal experiments.\
We conducted three types of experiments to determine the prophylactic effects of b240 administration on pathogenesis and host responses in mice. In all experiments, mice were orally mock-administered with saline or administered with heat-killed *Lactobacillus pentosus* b240 at a dose of 10 mg/mouse daily for 21 days prior to infection and for 14 days after infection or mock infection. (a) To define the prophylactic effect of b240 administration on mouse survival, mice were infected with 0.3 or 10 MLD~50~ of mouse-adapted CA04 virus on day 21 post-b240 administration and mortality and morbidity were observed for 14 days post-infection. (b) To define the effects of b240 administration on virus replication, histopathology, cytokine expression, and gene expression, mice were infected with 10 MLD~50~ of CA04 virus on day 21 post-b240 administration and euthanized on days 1, 3, and 6 post-infection. Their lungs were subjected to virus titration, histopathological examination, cytokine measurement, and microarray analysis. (c) To investigate the immune responses induced by b240 administration in the lungs of mice, mice were mock-infected with PBS on day 21 post-b240 administration and euthanized on days −7, 0, 1, 3, and 6 post-infection (14, 21, 22, 24, and 27 post-b240 administration). Their lungs were subjected to cytokine measurement and microarray analysis.](srep01563-f1){#f1}

![Efficacy of oral b240 administration in CA04-infected mice.\
Mice were administered heat-killed b240 at a dose of 10 mg/mouse daily for 21 days prior to infection and for 14 days after infection. Mice in the control group received saline. They were then intranasally infected with 0.3 or 10 MLD~50~ of mouse-adapted CA04 virus on day 21 post-b240 administration. Mortality and morbidity were monitored daily for 14 days post-infection. Percent survival (a) and body weight (c) are shown for each group of ten mice infected with 0.3 MLD~50~ of virus. Percent survival (b) and body weight (d) are shown for b240- or saline-treated groups of 24 or 25 mice infected with 10 MLD~50~ of virus, respectively. The body weight values are means ± SD for the mice that were alive at each time point. Asterisk: P value \< 0.05, significant difference compared to the virus-infected group not treated with b240 (log-rank test).](srep01563-f2){#f2}

![Cytokine/chemokine expression profiles in the lungs of mice treated with b240.\
(a, b) The expression of cytokines/chemokines in mouse lungs is shown separately for the experiments described in [Fig. 1a and b](#f1){ref-type="fig"}. Expression was visualized by using a heatmap and by using hierarchal clustering with the UPGMA method in TIBCO Silver Spotfire ver. 3.2. Expression of the representative cytokines in distinct clusters is shown: (c) IL-10, (d) GM-CSF, (e) IL-5, and (f) G-CSF. All values were normalized to the mean value of the saline-treated, PBS-inoculated mice at 14 days post-b240 administration (−7 days post-infection). The values are means ± SD (n = 3). Asterisk: P value \< 0.05, significant difference compared with the control group (two-way ANOVA).](srep01563-f3){#f3}

![Expression profiles of genes differentially regulated in the lungs of mice treated with b240.\
Animal experiments were conducted as described in [Fig. 1c](#f1){ref-type="fig"}. Genes that were differentially regulated following b240 administration were identified by comparing the gene expression in the lungs of mice treated with b240 and those given saline. (a) Twenty-nine genes were selected by using two-way ANOVA (treatment effect, P \< 0.05) and by filtering the genes whose expression changed by at least 1.5-fold relative to the level in the saline-treated group at at least one time point. Gene expression was visualized by means of a heatmap and by using hierarchal clustering with the UPGMA method in TIBCO Silver Spotfire ver. 3.2. The heatmap was generated by using the mean expression values for the b240-treated animals, which were normalized to the values of the time-matched, saline-treated controls in the PBS-inoculated group (n = 3). (b) Validation of microarray findings by using qRT-PCR. The expression of the following eight genes was measured by using qRT-PCR: Acot1, Acot2, Acot5, Cyr61, Egr1, Fos, Rsad2, and Stfa1. The gene expression levels of three biological replicates from three animals per group are represented as mean values. The microarray data presented are those from [Fig. 4a](#f4){ref-type="fig"}.](srep01563-f4){#f4}

###### Effect of oral administration of heat-killed b240 on virus titers in the lungs of mice infected with CA04 virus

  Treatment    Virus titer (mean log10 p.f.u. ± SD/g)               
  ----------- ---------------------------------------- ------------ ------------
  b240                       8.9 ± 0.15                 7.8 ± 0.17   7.4 ± 0.32
  saline                     9.0 ± 0.13                 7.9 ± 0.12   7.4 ± 0.20

Nine mice per group were infected with 10 MLD~50~ of CA04 virus and three mice in each group were euthanized on days 1, 3, and 6 post-infection. Virus in the lungs was titrated by using plaque assay in MDCK cells. The values are means ± SD (n = 3). Statistical significance was determined with a two-tailed Student\'s t-test comparing b240- and saline-treated mice at each time point; values were considered to be significantly different when the P value was less than 0.05.

###### Histological examination of the lungs of mice

  Days        1        3         6                                                       
  -------- ------- --------- --------- --------- --------- --------- --------- --------- -------------------------------
  b240      ++/++   +++/+++    ++/++    +++/+++    ++/++    +++/+++   +++/+++   +++/+++              +++/+++
  saline    ++/++   +++/+++   +++/+++   +++/+++   +++/+++   +++/+++   +++/+++   +++/+++   ND[†](#t2-fn3){ref-type="fn"}

Nine mice per group were infected with 10 MLD~50~ of CA04 virus and three mice per group were euthanized on days 1, 3, and 6 post-infection. The extent of pneumonia and viral antigen expression was evaluated by using a distribution scoring system. 0%, -; 0% \< 40%, +; 40% \< 60%, ++; and 60% \< 100%, +++.

\*The number of the individual animals.

^†^Not determined.

###### Top GO terms enriched by genes that were significantly differentially expressed following oral administration of b240 in the lungs of uninfected mice

  GO term                             P value             Molecules
  ---------------------------------- --------- -------------------------------
  Palmitoyl-CoA Hydrolase Activity     0.001       Acot1↓, Acot2↓, Acot5↓
  Thioester Metabolic Process          0.001       Acot1↓, Acot2↓, Acot5↓
  Acyl-CoA Thioesterase Activity       0.001       Acot1↓, Acot2↓, Acot5↓
  Acyl-CoA Metabolic Process           0.001       Acot1↓, Acot2↓, Acot5↓
  CoA Hydrolase Activity               0.001       Acot1↓, Acot2↓, Acot5↓
  Carboxylesterase Activity            0.002    Acot1↓, Acot2↓, Acot5↓, Lipe↓
  Response to Protein Stimulus         0.037         Cyr61↓, Egr1↓, Fos↓

Genes statistically significantly regulated in the lungs of uninfected mice treated with b240 compared with saline-treated mice were determined by using two-way ANOVA (Fold change \> 1.5, P \< 0.05). The set of genes differentially regulated by b240 administration was functionally annotated by means of GO grouping. Statistical significance was determined by using Fisher\'s exact test (P \< 0.05). Arrows next to each gene name indicate the up- or down-regulation induced by b240 administration.

###### Top ingenuity canonical pathways enriched by genes that were significantly differentially expressed following oral administration of b240 in the lungs of uninfected mice

  Ingenuity Canonical Pathways                                   P value       Ratio         Molecules
  ------------------------------------------------------------- --------- --------------- ---------------
  Circadian Rhythm Signaling                                      0.001    0.057 (2/35)    Per3↑, Arntl↓
  IL-17A Signaling in Fibroblasts                                 0.001    0.050 (2/40)    Fos↓, Nfkbiz↓
  IGF-1 Signaling                                                 0.006    0.019 (2/107)   Fos↓, Cyr61↓
  Role of Tissue Factor in Cancer                                 0.008    0.018 (2/114)   Egr1↓, Cyr61↓
  GNRH Signaling                                                  0.010    0.014 (2/145)    Fos↓, Egr1↓
  AMPK Signaling                                                  0.011    0.012 (2/166)   Cpt1a↓, Lipe↓
  CXCR4 Signaling                                                 0.014    0.012 (2/169)    Fos↓, Egr1↓
  RAR Activation                                                  0.018    0.011 (2/183)   Fos↓, Pnrc1↓
  Role of Lipids/Lipid Rafts in the Pathogenesis of Influenza     0.029    0.036 (1/28)       Rsad2↑
  IL-17A Signaling in Gastric Cells                               0.030    0.040 (1/25)        Fos↓
  TNFR2 Signaling                                                 0.035    0.029 (1/34)        Fos↓
  April Mediated Signaling                                        0.045    0.023 (1/43)        Fos↓
  B Cell Activating Factor Signaling                              0.047    0.022 (1/45)        Fos↓
  MIF Regulation of Innate Immunity                               0.048    0.020 (1/50)        Fos↓

Genes statistically significantly regulated in the lungs of uninfected mice treated with b240 compared with saline-treated mice were determined by using two-way ANOVA (Fold change \> 1.5, P \< 0.05). Functional enrichment analysis for the set of genes differentially regulated by b240 administration was determined by using IPA software. Statistical significance was determined by using Fisher\'s exact test (P \< 0.05). Arrows next to each gene name indicate the up- or down-regulation induced by b240 administration.
